Load-bearing tissues are typically fortified by networks of protein fibers, often with preferential orientations. This fiber structure imparts the tissues with direction-dependent mechanical properties optimized to support specific external loads. To accurately model and predict tissues' mechanical response, it is essential to characterize the anisotropy on a microstructural scale. Previously, it has been difficult to measure the mechanical properties of intact tissues noninvasively. Here, we use Brillouin optical microscopy to visualize and quantify the anisotropic mechanical properties of corneal tissues at different length scales. We derive the stiffness tensor for a lamellar network of collagen fibrils and use angle-resolved Brillouin measurements to determine the longitudinal stiffness coefficients (longitudinal moduli) describing the ex vivo porcine cornea as a transverse isotropic material. Lastly, we observe significant mechanical anisotropy of the human cornea in vivo, highlighting the potential for clinical applications of off-axis Brillouin microscopy. arXiv:2003.04344v1 [physics.bio-ph] 9 Mar 2020 changes induced by collagen crosslinking (CXL) 13 . Brillouin scattering has revealed anisotropic properties of solid-state materials 14 , silks 15 , and plant stems 16 , but to our knowledge, has not yet been used to analyze soft biological tissue such as the cornea.
Introduction
Biological soft tissues are typically fiber-reinforced composites, consisting of a network of collagen and/or elastin fibers embedded in a hydrated matrix. In load-bearing regions, such as muscles, blood vessel walls, or the lining of the gastrointestinal tract, this microstructure imparts tissues with their unique combination of high flexibility and strength. Preferential fiber alignment is a natural consequence of the fiber structure conforming to resist the directional stresses and strains acting on a particular organ, resulting in anisotropic mechanical properties. Biaxial tensile testing has identified mechanical anisotropy in tissue samples excised from the lungs 1, 2 , the pulmonary arteries 3 , the pericardium 4 , the aorta 5 , the retina 6 , the vagina 7 , and the skin 8, 9 among others. The anisotropic behavior of these tissues is fine-tuned for their specific physiological functions. As such, fibrillar remodeling, resulting in changing tissue anisotropy, is often an indication of disease. There has been sustained interest in characterizing the mechanical anisotropy of soft tissues, particularly at the microstructural scale, in order to build accurate constitutive models which can be used to predict the tissues' response to mechanical loading 10 .
Brillouin microscopy is an emerging optical technique for biomechanical characterization of cells and tissues 11 . The technique is based on inelastic light scattering from naturally-occurring (spontaneous) or stimulated acoustic waves in the material being probed. The resulting frequency shift of the scattered light, or the Brillouin frequency shift, is related to the acoustic wave speed and hence the elastic properties of the material. By employing a focused laser beam, Brillouin microscopy is able to map elastic properties with optical-scale spatial resolution (∼µm). Brillouin microscopy has been used to measure localized mechanical changes in the eyes of patients with the corneal disease keratoconus 12 , and depth-dependent mechanical Figure 1 . Brillouin measurements at different laser incidence angles detect tissue anisotropy. A, Within each lamella, collagen fibers ( f ) are co-aligned within a gel matrix (m). We define a coordinate system (1, 2, 3) for each lamella in which the 1-direction is always aligned with the fibril axis. B, The elastic modulus in the 1-direction C 11 is different than the moduli orthogonal to the fibril axis, C 22 and C 33 . By reducing the laser spot size, it is possible to resolve individual lamellae using Brillouin microscopy. When the laser spot size covers multiple lamellae, we measure a combined modulus. For the bulk stroma we define the z-direction as orthogonal to the cornea and the x − y plane as tangential. C, Cut-away view through the stromal depth showing stacked lamellae. The cornea is mechanically anisotropic, meaning that the longitudinal moduli (C ii ) have directional dependence. This can be probed using Brillouin microscopy with varying laser incidence angle θ . = C ( f ) 33 and C The corneal stroma is composed of a stack of 300-500 lamellae of varying orientations. The axes of the collagen fibrils in successive lamellae are not truly random, but tend to lie along orthogonal meridians in the medial-lateral and superior-inferior directions, particularly in the posterior cornea 24 . For simplicity, we model the stroma as a stack of layers with half oriented in the medial-lateral direction and half in the superior-inferior direction, which yields:
Here, the (x, y, z) coordinate system is defined in real space such that the z-direction is orthogonal to the cornea, and the xand y-directions are tangential (medial-lateral and superior-inferior, Fig. 1B ). In this model, the cornea is transverse isotropic with plane of symmetry x-y (i.e. tangential to the cornea).
For backward Brillouin light scattering spectroscopy with probe light entering the corneal tissue at an angle θ to the optic axis (Fig. 1C ), the Brillouin frequency shift Ω is given by:
is the index of refraction of the material, λ is the wavelength of light, v(θ ) = C(θ )/ρ is the longitudinal-wave acoustic speed, and C(θ ) is the effective longitudinal modulus of the stroma at angle θ to normal. For simplicity, we consider a case where the incident beam is in the x-z plane. The formalism described below can be applied to other tilt directions with appropriate coordinate transformations.
The index of refraction in the cornea is known to differ slightly depending on the direction of light propagation. Mueller matrix ellipsometry of the human cornea in vivo found that n x − n z = 1.4 × 10 −4 , 26 similar to other measurements 27 ). If individual lamellae are modelled as uniaxial birefringent layers stacked orthogonally, then n x − n z = 2.8 × 10 −4 theoretically for a single lamella 28 . As we will see, the contribution of this magnitude of birefringence to the Brillouin shift is 2-3 orders of magnitude lower than that of mechanical anisotropy. Therefore, we can neglect the birefringence and assume n(θ ) to be a constant independent of θ .
An exact analytic expression for C(θ ) can be written in terms of the stiffness tensor coefficients (Supplementary Materials). In the case of weak transverse isotropy, i.e. C 
where the superscripts were ignored, and G yz ( C zz ) is shear modulus of the stroma in the y-z plane. We confirm C(0) = C zz , and C(π/2) = C xx (the beam is tilted toward the x-axis). The difference of these two values characterizes the magnitude of anisotropy of the tissue. We introduce anisotropic parameters, ε xx and δ , defined as follows:
Thus, we can write
The anisotropic coefficients are analogous, but not identical, to the Thomson parameters used to describe seismic anisotropy (Note: Thomson parameters are defined in terms of wave speeds rather than elastic moduli) 29 .
Putting Eq. 1 into Eq. 2, we find:
Here ε ). It can be further shown that where we have set C (m)
.

Brillouin imaging of individual corneal lamellae
To test if Brillouin microscopy can indeed detect the anisotropy of individual lamellae, we excised corneas from porcine eyes within 4 hours of sacrifice. First, a corneal flap was measured en-face and imaged using an inverted confocal Brillouin microscope ( Fig. 2A ). In this orientation, the laser is orthogonal to almost all collagen fibrils, so we expect the lamellar contrast to disappear. Indeed, the resulting Brillouin image is mostly uniform with a Brillouin value of 7.981 ± 0.078 GHz (mean ± standard deviation, measured at 532 nm). En-face images taken at different depths were similar. Second, we cut the corneal flap across the middle and mounted it vertically, allowing the cross-section to be imaged from beneath using an inverted confocal Brillouin microscope with a lateral resolution of ∼ 0.5 µm (Fig. 2C ). Stromal tissue with a cross-sectional area of 50 µm × 50 µm located in the center and the middle third depth-wise was imaged ( Fig. 2D ). Lamellae in the middle third of the corneal stroma are predominantly orthogonally stacked with little interleaving, resulting in alternating layers of higher and lower elastic modulus (from C and indeed found to be at its lowest (7.98 GHz). This maximum inter-lamellar contrast of 11.6% in Brillouin values (i.e. Ω(π/2)/Ω(0) = 0.116),
Angle-dependence of bulk cornea Brillouin measurements
The layered structure observed at the microscopic scale translates to a weak anisotropy of the bulk stroma, which we expected to see in larger-scale Brillouin measurements. For measurements of the intact cornea, we used a lower resolution (numerical aperture of ∼ 0.1), near-infrared (λ = 780 nm) Brillouin imaging system 30 . As before, corneal flaps were excised from porcine eye globes received within 4 hours of sacrifice. Intact corneal flaps were mounted in a Barron chamber which could be rotated about the corneal apex, allowing for different laser incidence angles onto the same location in the central cornea ( Fig. 3A) .
Brillouin measurements of the central cornea were made at 6-8 different laser incidence angles for four different cornea samples (from four different pigs).
Results are shown in Fig. 3B -E. Angles in air were converted to angles in tissue assuming a stromal index of refraction of 1.376. 31 The range of possible angles is limited by signal-to-noise ratio: at low angles, the elastic scattering background from Fresnel-type surface reflection becomes dominant over the Brillouin signal, while at large angles, the Brillouin signal is reduced due to beam aberration on refraction. From the cross-sectional imaging experiment described in the previous section, we have A, Brillouin frequency shift map of a normal subject with laser incidence angle close to 0°at the corneal apex (see diagram at left). B-D, Brillouin maps of three normal subjects for a steeper set of laser incidence angles (see diagrams). E, Plot of Brillouin values for subject A integrated vertically over a zone y = [-1 mm, 1 mm] versus x-coordinate (upper axis) and computed incidence angle (lower axis). The plot shows slightly increasing Brillouin shift with increasing |x|, due to corneal anisotropy: the laser-cornea incidence angle varies slightly as the laser is translated in x (left-right) to create the Brillouin map due to corneal curvature. F-H, Vertically-integrated plots for subjects B-D (respectively). In this configuration, the laser-cornea incidence angle increases continuously as the laser is translated from right to left to create the Brillouin map. The apparent Brillouin shift gradient from right to left is consistent with expected corneal anisotropy. Data (boxes: mean, error bars: standard deviation from the vertical averaging) were fit to the weak transverse isotropy model (Eq. 3) with ε xx as an additional free parameter (dashed lines). Fitted values of ε xx and δ are shown, where R 2 = 0.96 (A), 0.998 (B), 0.99 (C), 0.94 (D).
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is rigidly fixed with respect to the interface, as the laser position changes, the angle of incidence (relative to the corneal surface) also changes. When the laser incidence angle is close to 0°, this change is small, but for larger tilt angles there is a gradually increasing angle of incidence as the laser moves from right to left across the cornea (Fig. 4) .
Data from approximately 30 axial scans were combined to create a color-coded map of the mean Brillouin shift laterally across the corneal stroma. An increasing Brillouin gradient from right to left is apparent in the resulting maps, with larger Brillouin values for larger incidence angles as we would expect. The Brillouin maps of three different human subjects displaying this gradient are shown in Fig. 4B-D . By contrast, when the laser angle is changed to minimize the variation in incidence angle ( Fig. 4A) , the resulting Brillouin map is more uniform with no obvious gradient.
To analyze the angle-dependence inherent in the human maps, Brillouin values were integrated vertically over a range within ± 1 mm from the horizontal center line (y = 0), and the x-coordinates were converted to approximate angles assuming a spherical corneal surface with 7.7 mm radius-of-curvature. This allowed us to fit the same weak transverse isotropy model that was used for the porcine samples. The fitted anisotropic parameter ε (stroma) xx values for these human corneas range from 0.055 to 0.097. Table 1 ). The symmetry of transverse isotropy dictates that C yz = C xz and C xy = C xx − 2G xy ≈ C xx . Therefore, all the longitudinal stiffness coefficients C i j 's (i, j = x, y, z) have been determined.
Longitudinal stiffness coefficients of the cornea
It is interesting to compare the two species. The human corneas exhibited greater out-of-plane stiffness C zz than the porcine corneas. The in-plane stiffness, C xx and C yy , however, were nearly the same between human and porcine corneas. As a result, the human corneas have a lower degree of anisotropy than the porcine corneas.
The anisotropic parameters we determined from measurements of porcine and human corneas can be used in our composite model to estimate the properties of the cornea's constituent parts: collagen fibrils and gel matrix. The gel matrix in particular has not previously been accessible for material characterization. The mean anisotropic parameter measured in humans was ε (stroma) xx = 0.082 ± 0.018 (4 subjects), corresponding to ε and V ( f ) (porcine) = 0.28, and assuming that the material properties of the collagen fibrils and gel matrix are similar between humans and pigs (specifically, β 1 , β 2 values within 5%), we can estimate the ratio of the longitudinal modulus in the axial '1' direction (along the fiber) to that in the transverse '2,3' directions (orthogonal to the fiber), β 2 (human) = C 
Discussion
We have demonstrated that individual stromal lamellae can be resolved based on their Brillouin shift contrast. This contrast arises directly from the anisotropic elastic properties of the lamellae stemming from their fibrillar organization. We derived a composite model describing the lamellar network of collagen fibrils in the cornea. In aggregate, the crisscrossing lamellae produce a weakly transverse isotropic stroma. We confirmed that the Brillouin frequency shift of the cornea is indeed angle-dependent. Results agree fairly well with our composite model using the anisotropic parameter (ε detailed numerical simulations of the cornea. Equally important, we were able to connect the properties at the micro-scale to those of the bulk cornea, a critical link for understanding the impact of diseases or surgeries that alter the collagen structure.
Fiber-reinforced composite materials are ubiquitous in the body, where their mechanical properties serve their physiological functions. For example, the tympanic membrane of the ear has a lamellar collagen structure similar to that of the cornea and is also mechanically anisotropic 35 . A challenge in reconstructive ear surgery is replicating the complex, anisotropic material properties of the tympanic membrane so that the frequency response and mode shapes required for hearing can be restored 36 .
Recent studies have explored laser-induced collagen remodeling as a treatment for chronic inflammatory ear pathologies that aims to restore the intricate collagen network rather than replace it with a poorly-matched synthetic material 37 . The microstructure of the uterine cervix also contains an anisotropic network of collagen fibers 38 . Preterm birth is thought to be caused by premature weakening of the cervix under the increasing load of a growing fetus. Efforts are underway to better understand the collagen remodelling process that allows the cervix to become more pliable during gestation in order to devise prophylactics against preterm birth 39 . Likewise, arterial walls have a network of layered collagen and elastin fibers with a predominantly circumferential orientation 40 . Gradual collagen remodelling plays a major role in the weakening and rupture of abdominal aortic aneurysms, resulting in many deaths 41 . Current investigations into the structure-function relationships in 9/19 soft tissues like these primarily rely on traditional mechanical techniques such as indentation or video extensometry. These techniques cannot probe the micro-scale elastic properties of the tissue, cannot typically probe all axes, and are often difficult to implement in vivo. Multi-angle (vector) Brillouin microscopy may find application in characterizing the anisotropic mechanical properties of fiber-composite tissues found throughout the body with high spatial resolution.
Another potential avenue of application is biomaterial design. Tissue engineered constructs must be able to closely mimic the in-vivo mechanical and structural properties of the tissues they aim to replace. Because many soft tissues exhibit intricate fiber networks with preferential fiber alignment, they typically have complex, anisotropic mechanical properties. This has been recognized and biomaterials that can imitate soft-tissue mechanical anisotropy have been a goal of tissue engineering for more than a decade [42] [43] [44] ). Brillouin microscopy could provide valuable material data for designing engineered biomaterials and then characterizing the resulting constructs.
Lastly, we observed significant directional dependence in human Brillouin maps measured in vivo. The ∼35 MHz gradient over the angle of 0 to 40 deg is comparable to the magnitude of spatial variation detected in mild corneal disease 30 . Therefore, the angle dependence must be taken into account in the interpretation of raw measurement data. In principle, it can be removed by numerical correction or beam scanning with a constant incident angle. On the other hand, because the anisotropy is a direct result of the fibrillar structure of the cornea, analyzing the angle-dependence or mechanical anisotropy may be a useful metric to detect disruption or remodelling of the regular collagen lattice due to disease or surgical intervention. We expect the Brillouin angle-dependence to decrease in degenerative conditions where the lamellar or fibrillar microstructure becomes disorganized. It would be interesting to measure the Brillouin angle-dependence in the cone region of a keratoconus cornea.
Methods
Cross-sectional Brillouin measurements
Porcine eye globes were received on ice within 4 hours of sacrifice and corneal flaps were immediately excised. A custom 3D-printed fixture was used to mount the corneal flap securely so that a clean slice could be made through the center of the cornea using a scalpel. The resulting slice was then sandwiched between two glass slides so that the cross-section abutted one edge of the slides. The slides and cornea were then mounted vertically in a custom-made holder atop a glass-bottom dish so that the corneal cross-section was optically accessible from below. Empty space in the glass bottom dish and between the slides was filled with corneal preservation medium to prevent drying of the corneal slice. The corneal cross-section was imaged using a confocal Brillouin microscope with a 532 nm laser and a two-stage, apodized, virtually imaged phased array (VIPA) spectrometer; this instrument has been described previously 45 . A co-aligned bright-field microscope was used to navigate to the middle region of the corneal depth for measurement. The Brillouin measurement volume per point was approximately 0.5 µm × 0.5 µm × 1.0 µm and the integration time used was 150 ms. For TEM analysis, corneal slices were fixed using K2 buffer and later imaged using a transmission electron microscope (model CM10, Philips Electron Optics, Eindhoven, The Netherlands).
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Brillouin angle-dependence measurements
Corneal flaps with a 2-3 mm scleral ring were excised from porcine eye globes using a pair of curved scissors and placed in Carry-C corneal preservation medium (Alchimia S.r.l., Padua, Italy) at room temperature (22 -24 o C). To minimize perturbation of the cornea, the iris was not forcibly removed but was instead left attached to the corneal flap. For imaging, the intact corneal flap was mounted in a Barron chamber (Katena Products Inc., New Jersey, USA) filled with Carry-C corneal preservation medium (Alchimia S.r.l., Padua, Italy), which set an effective intraocular pressure (IOP) of about 15 mmHg, confirmed using a standard water column. For these measurements we used a different Brillouin instrument designed for whole-cornea imaging in vivo at a wavelength of 780 nm. This instrument has been described previously 30 . The Barron chamber was mounted on a rotation stage (RP01, Thorlabs Inc., New Jersey, USA) so that the laser incidence angle could be adjusted. A small ink mark was used as a target to insure that the measurement point remained fixed on the corneal apex as the was angle varied.
The Brillouin measurement volume per point was approximately 2 µm × 2 µm × 30 µm and the integration time used ranged from 200-700 ms. The Brillouin value at each angle is obtained by averaging points measured throughout the stromal depth.
To minimize the impact of environmental drifts, the cycle of angle measurements was repeated three times and the resulting Brillouin values at each angle were averaged.
Brillouin maps of human subjects
Healthy subjects with normal corneas were imaged at two locations: the Institute for Refractive and Ophthalmic Surgery j denote the i-th stress and j-th strain elements, respectively, in Voigt notation. Here, '1' is for 'xx', '2' for 'yy', '3' for 'zz', '4' for 'yz', '5' for 'xz', and '6' for 'xy' for Cartesian coordinates used to describe the cornea (Fig. 1C ). On the other hand, '1' is for '11', '2' for '22', '3' for '33', '4' for '23', '5' for '13', and '6' for '12' for the 123-coordinate system defined with respect to a single collagen fibril (Fig. 1A) . C
(k)
i j denotes the i j-th elastic modulus for material 'k', such that we have stress-strain relations of the form (Voigt notation):
We define a coordinate system for the lamella in which the 1-direction is parallel to the fibril axis, and the 2-and 3-directions are orthogonal to it (Fig. 1 Hence, the longitudinal modulus C (lamella) 11 is given by:
Likewise, in the case of loading perpendicular to the fiber axis, the fibrils and the matrix experience different strains, but equal stress ('isostress rule'):
If we assume that the extrafibrillar matrix is isotropic, C 
So we see that an individual lamella is transverse isotropic with plane of symmetry 2 − 3 (i.e. orthogonal to the fibril axis).
Model of an orthogonal stack of lamellae
To compute the properties of the bulk stroma, we sum over the contributions of all the lamellae. The axes of the collagen fibrils in successive lamellae typically lie along orthogonal meridians in the medial-lateral and superior-inferior directions 24 . Therefore, we model the stroma as a summation of layers with half oriented in the medial-lateral direction and half in the superior-inferior direction. For the stroma, we define a coordinate system (x, y, z) with the z-direction orthogonal to the cornea, and the xand y-directions tangential (medial-lateral and superior-inferior). In the tangential plane x − y, the 'isostrain rule' applies similarly to Eq. 9, so by symmetry:
The z-direction is orthogonal to the fiber axes in all lamellae, so:
In this model, the cornea is transverse isotropic with plane of symmetry x − y.
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The stress-strain relation of a transverse-isotropic material in the xyz coordinate system can be written as: 
Here, G yz (= G xz ) and G xy correspond to shear moduli in the yz-(xz-) and xy-plane, respectively. By symmetry, C xx −C xy = 2G xy , and there are five independent parameters in the stiffness matrix.
Direction-dependent longitudinal modulus
For transverse isotropic materials, there is an analytic expression for the effective longitudinal modulus at an angle θ to the z-axis (assuming material plane of symmetry x − y): C(θ ) = 1 2 C xx sin 2 (θ ) +C zz cos 2 (θ ) + G yz + D(θ )
with D(θ ) = (C xx − G yz ) sin 2 (θ ) − (C zz − G yz ) cos 2 (θ ) 2 + (C xz + G yz ) 2 sin 2 (2θ ) and mass density ρ. When θ = 0, C(0) = C zz , and at θ = π/2, C(π/2) = C xx . This range of possible C(θ ) values characterizes the scale of the anisotropy of the tissue.
We introduce the parameters ε xx , ε xz , and ε yz , defined as:
This allows us to rewrite the expression for the longitudinal modulus as follows:
(1 + ε xx ) sin 2 (θ ) + cos 2 (θ ) + ε yz + (1 + ε xx − ε yz ) sin 2 (θ ) − (1 − ε yz ) cos 2 (θ ) 2 + (1 + ε xz + ε yz ) 2 sin 2 (2θ )
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For soft tissues like the cornea, the shear modulus G yz is typically much smaller than the longitudinal moduli C zz , so ε yz 1.
Because the anisotropy of the cornea is also relatively small, ε xx , ε xz 1. We can expand Eq. 17 to first order in the small parameters ε xx , ε xz , and ε yz , which yields:
where C(0) = C zz as before.
The anisotropic parameter ε xx
The small parameter ε xx (defined in Eq. 16a) characterizes the degree of anisotropy of a transverse isotropic material. For a single lamella, this anisotropic parameter, ε (lamella) 11 , is given by:
If we set C 
The anisotropic parameter ε xx for a stack of orthogonal lamella is given by: 
